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Abstract—A single diode model with five parameters is the
simplest and robust approach for modeling a photovoltaic (PV)
module in a simulated environment. These parameters need
to be accurately extracted from the specifications given in the
datasheet of the PV module such that the simulation model should
exhibit the same characteristics as the actual measurements. A
definite set of five independent equations, that should represent
the characteristics of the PV module as accurately as possible, is
needed to solve for these five parameters. In literature, the first
four equations are easily created from the key data points on the
characteristic curve given in the datasheet of the PV module. The
main challenge however is the formulation of the fifth equation.
The approaches found in literature have inherent inaccuracies
due to some approximations or iterative techniques leading to
discrepancy in the simulated model. This paper presents a unique
analytical approach for the formulation of the fifth equation
which yields the most accurate single diode model. As evident
from the results, the proposed method is superior to not just the
single diode model approaches but also to the double diode ones
in simulating the characteristics of the PV module with least
error.
Index Terms—Photovoltaic (PV) model, parameters extraction,
analytical approach, single diode model, double diode model.
I. INTRODUCTION
THE most important technology for the conversion of solarenergy into direct electrical energy is photovoltaics. The
continuous increase in efficiency of photovoltaic (PV) modules
in tandem with the gradual reduction in cost and installation
time, are the factors enabling solar energy to flourish rapidly
[1], [2]. The planning, optimization and research for PV energy
conversion system (PVECS) quite often require simulation
modeling of the PV module as the fundamental building block.
It is therefore of paramount significance for the equivalent
simulation model to accurately mimic the actual current-
voltage (I-V ) and power-voltage (P -V ) characteristics of the
PV module. The equivalent circuits that are mostly employed
in literature as simulation models of a PV module are the
single diode model and the double diode model [3], [4].
As shown in Fig. 1, the single diode model is defined by
five parameters that are photon current Iph, series and shunt
resistances Rs and Rsh respectively, and the two parameters
of the diode that are saturation current Is and ideality factor
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(a) Single diode model
(b) Double diode model
Fig. 1: Equivalent circuit models of a PV module
n. The double diode model has two saturation currents Is1
and Is2 as well as two ideality factors n1 and n2 due to the
additional diode. Ns is a known constant since it is the number
of PV cells connected in series in a module. The accuracy of
these models heavily depends on their parameters which are
not directly extractable from the specifications in the datasheet
or the measured data of the PV module.
In literature various approaches for parameters extraction
of a PV module are available, each strive to minimize the
error between the simulated and the actual characteristic
curves. Extensive reviews on parameters extraction through
different models and techniques can be found in [5]–[9].
These techniques generally bifurcate into two major cate-
gories: a) searching algorithms based and b) analytical model
based. The former category uses meta-heuristics and iterative
search algorithms to find the best fitting parameters; while
the techniques in the latter category formulate simultaneous
independent equations that can be uniquely solved to find the
unknown parameters.
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2A. Searching Algorithms Based
It is conspicuous from the implicit nature of current (I) with
respect to voltage (V ) in the equations shown in Fig. 1 that
the closed form analytical solutions won’t be readily available.
Therefore in literature there are several iterative methods and
search based algorithms to represent the current as function
of voltage [9]–[25]. In [12], Iph and Is are predefined while
n, Rs and Rsh are estimated. The author employed PSO with
constraints on objective function to heavily penalize when the
solution tries to move away from the constraints. The same
authors then proposed in [13] a generalized model with an
array of diodes that can be added in series as well as in
parallel. It is shown that introducing diodes in series increases
the coverage region of the I-V and P -V characteristic curves
of the PV model. Parameters are extracted through the similar
technique presented in [12]. The [14] showed that the error in
the estimated curve will increases with increase in fill factor.
The author further proposed a fit range for more accurate
estimation of peak power. The [15], initially produced an
unconstrained optimization problem to penalize the constraints
and then, the gradient descent technique is applied to manage
the optimal values of parameters for reduced diode model. The
[11] used bacterial foraging techniques by defining a fitness
function and updating it in iterations.
The [16], [17] proposed wind driven optimization (WDO)
algorithms for extraction of parameters. The author in [16]
compares WDO technique with the several other optimization
and searching techniques like PSO, GA, bee colony, flower
pollination etc., and recommended WDO as the faster and
much accurate algorithm. The [17] proposed adaptive-WDO
(AWDO) algorithm to have the system less reliant on user for
input parameters. The [19] applied chaotic whale optimization
(CWO) algorithm on single and double diode models. The
functioning of whale optimization (WO) is improved with
chaotic Singer map, which is used for generation of chaotic
sequence for updating whale position in each iteration, to
obtain the best set of extracted parameters. The [20] proposed
a hybrid technique for a double diode model with seven
parameters; four are extracted from the analytical equation and
remaining three from differential evolution (DE) that leads to
a single best solution. The [21], [23] also used amalgamation
of analytical and searching optimization while [22] using the
reduced search space to lessen the searching effort. The [24]
proposed a data driven approach for the estimation of I-V
curve and for extracting parameters. Although this technique
is robust however the authors have concluded that prediction
of Rs has predictable error. The [10] compared genetic algo-
rithms (GA) with Newton Raphson (NR) and particle swarm
optimization (PSO), and exhibited GA supremacy in terms
of convergence and less number of iterations. The [18] used
social behaviour of frogs for parameterization of a single diode
model while [25] used grasshopper optimization algorithm
(GOA) on a three diode model and proved its accuracy
compared to other meta-heuristic techniques.
These searching and numerical based techniques exhibits
several drawbacks despite their accuracy, enumerated as fol-
lows [5], [20], [23], [26]: (i) these techniques require data
Fig. 2: PV module I-V and P -V characteristic curves and
key data points for formation of first four equations
points of the entire characteristics curve which are not always
readily available (ii) these are highly complex and non-generic
algorithms (iii) these techniques, meta-heuristics in particular,
are slower due to point-by-point comparison for curve fitting
(iv) GA and differential evolution (DE) based algorithms
are not much effective for double diode model with seven
parameters. The reason being that the values of two reverse
saturation currents come out to be so close to each other that
effectively the two diode model works like a single diode
model [27].
B. Analytical Modeled Based
The [3], [28]–[53] covers the analytical modeling based
techniques, each proposing a set of independent equations
that can be simultaneously solved for parameters extraction.
Invariably in all these publications, four nonlinear analytical
equations can be formed from the key data points on the
characteristics curves that are shown in Fig. 2 [28]. These
key data points can be found directly from the datasheet or
the nameplate of PV module provided by the manufacturer.
However the main issue addressed in these publications is
the formulation of the additional equations required to com-
plete the set; for instance one and three additional equations
for single and double diode models respectively to match
the number of unknown parameters. This is a challenging
tasks for the reason that all the key data points available
in datasheet have already been exhausted for the first four
equations. Some researchers have circumvented the need for
additional equations by: a) reducing number of parameters b)
making some assumptions c) using predefined values of some
parameters. For a single diode model with five parameters,
the [29], [30] neglected the Rsh while [31], [32] neglected
the Rs and reduced their models to four parameters. The
[33] neglected both Rs and Rsh and proposed an ideal single
diode model. As a result these approaches [29]–[33] suffer
digression specifically at maximum power point (MPP) due to
3the absence of Rs and Rsh [3]. The [34] proposed a double
diode model and neglected Rs and Rsh and therefore the
fitting precision of I-V characteristics is highly affected. The
[35] assumed the photon current Iph equal to the short circuit
current Isc and fixed the value of diode ideality factor n. The
[36] used double diode model and extracted parameters by
tedious mathematical modeling but with some assumptions
which ultimately lead to discrepancy in model accuracy.
The [28] initially estimated the viable range of Rsh sep-
arately and then extracted other four parameters from the
analytical equations at each value of Rsh, and eventually
selected the best values that yielded least error. However in
[37] it is argued that the I-V and P -V characteristics curves
are not quite sensitive to the change in Rsh, therefore sweeping
Rsh to find other parameters may not land at accurate model
[15]. The [38] extracted the five parameters for single diode by
sweeping the n. After getting multiple characteristics curves
with different parameters, author proposed an optimal value
of n with minimum error. The [39] scanned the n and
Rs in small steps and extracted other parameters from the
analytical equations. The estimated parameters are bounded
by different minimum and maximum values for different PV
modules. Any kind of change in situation will surely effects
these boundaries and it will ultimately increases the algorithm
complexity. On the other hand, convergence problems arise
from incorrect initial guesses [36]. Due to inadequate number
of readily available equations, different researchers made some
assumptions for the simplification of computational effort.
These may converge to a solution but the accuracy of the
solution is not guaranteed. For instance, a double diode model
with equal value of two saturation currents is effectively a
single diode model [20].
On the other hand several researchers have derived the fifth
equation for the five parameters of single diode model [40]–
[53]. These publications till date either rely on some assump-
tions which lead to inaccuracies, or devise some complex
techniques leading to longer turnaround time in computation.
Section III presents the variants of fifth equation found in
literature in contrast with the proposed technique.
This paper thus proposes a non-complex and accurate
approach for the formulation of the fifth equation for the
parameter extraction of a single diode model of PV module.
Section II illustrates the mathematical modeling of PV module
in terms of formulation of equations which are basically
derived from its characteristic curves. Section III describes
previous methods in the literature for the formation of fifth
equation and explains the proposed fifth equation. Section IV
presents the results which clearly establish the supremacy of
the proposed technique not only against the single- but also
double-diode model techniques.
II. MATHEMATICAL MODELING
Equation (1) represents the current (I) and voltage (V )
relationship for the single diode model of a PV module.
I = Iph − Is[exp(V + IRs
Ns.n.vt
)− 1]− V + IRs
Rsh
(1)
Fig. 3: Comparison of curve fitting techniques for PV
module PWP-201
where the thermal voltage
vt =
kT
q
and
q Unit charge (C)
T Temperature of PV module (K)
k Boltzman constant (J/K)
Iph Photon current (A)
Is Reverse saturation current (A)
Rs Series resistance (Ω)
Rsh Shunt resistance (Ω)
Ns Number of series connected PV cells
n Ideality factor of diode
Each PV module has specific key data points, as shown
in Fig. 2. These data points, enlisted below, provide the
boundary values of (1).
Isc Short circuit current (A)
Voc Open circuit voltage (V)
IMPP Current at MPP (A)
VMPP Voltage at MPP (V)
PMPP Power at MPP (W)
These data points are the key to derive the first four
equations of PV model [38], [41], [46], [51]. The (I , V ) in
(1) are eliminated by (Isc, 0), (0, Voc) and (IMPP , VMPP )
to get the equations at short circuit (SC) point, open circuit
(OC) point and MPP respectively.
SC : Isc = Iph − Is[exp( IscRs
Ns.n.vt
)− 1]− V + IscRs
Rsh
(2)
OC : 0 = Iph − Is[exp( Voc
Ns.n.vt
)− 1]− Voc
Rsh
(3)
MPP : IMPP = Iph−Is[exp( IscRs
Ns.n.vt
)−1]−VMPP + IMPPRs
Rsh
(4)
4(a) Three from I-V curve (b) Fourth form P -V curve (c) Fifth from P -I curve
Fig. 4: Overview of formation of equations form the characteristic curves of the PV module
TABLE I: Specifications of PWP-201 and RTC France
Parameters PWP-201 RTC France
Isc(A) 1.03163 0.7603
Voc(V) 16.7753 0.5728
IMPP (A) 0.9162 0.6894
VMPP (V) 12.6049 0.4507
PMPP (W) 11.55 0.3107
While above three equation are from the I-V curve, the fourth
equation is generated at the MPP on the P -V characteristic
curve [41], [46], [51] using the fact that maxima is defined as
dP
dV
∣∣∣∣
V=VMPP
I=IMPP
= 0 (5)
Now
dP
dV
=
d(IV )
dV
= I +
dI
dV
V (6)
The (1) is a transcendental equation in the form of I =
f(V, I), hence its implicit differential is expressed using chain
rule.
dI = dI
∂f(I, V )
∂I
+ dV
∂f(I, V )
∂V
(7)
So, the derivative of (7) with respect to voltage is
dI
dV
=
∂
∂V f(I, V )
1− ∂∂I f(I, V )
(8)
Substituing (8) in (6)
dP
dV
= I + V
∂
∂V f(I, V )
1− ∂∂I f(I, V )
(9)
Evaluating (9) at MPP gives the final form of the fourth
equation as
dP
dV
∣∣∣∣
V=VMPP
I=IMPP
= 0 = IMPP − VMPP ×
Is
Ns.n.vt
[exp(VMPP+IMPPRsNs.n.vt )− 1] + 1Rsh
1 + Is.RsNs.n.vt [exp(
VMPP+IMPPRs
Ns.n.vt
)− 1] + RsRsh
(10)
III. FORMULATION OF FIFTH EQUATION
From Section II it can be concluded that the derivation
of the four independent equations (2), (3), (4) and (10), has
exhausted all the key data points shown in Fig. 2. Therefore
the formulation of the fifth equation is a non-trivial task.
Variants of the fifth equation derived in previous approaches
are described in the following subsections and the equation
proposed in this manuscript is presented at the end.
A. Previous Approaches
In [40]–[44], the Rsh is assumed as the slope of I-V curve
at SC point.
dI
dV
∣∣∣∣
I=Isc
= − 1
Rsh
(11)
As a dual of (11) the slope at OC point on the I-V curve is
equated to the Rs in [42], [45].
dI
dV
∣∣∣∣
V=Voc
= − 1
Rs
(12)
The [46]–[50], [52] make use of the temperature coefficients
available in the datasheet of PV module. The constant co-
efficients imply that the voltage and current vary linearly
with temperature. Thus the fifth equation is same as (3) but
computed at an arbitrarily different temperature than standard
test condition.
In [53] the fifth equation is produced by computing the area
(A) under the measured I-V characteristic curve of particular
PV modules, and then relating A to (1) using trapezoidal
method of numerical integration. It is given as
A = −h.Isc
2
+ h
i=N∑
i=1
Ii (13)
where h is the step size that divides the voltage axis into N
data points from the SC to the OC points and i is the iteration
number to compute the current Ii at each data point.
All of the above approaches have inherent inaccuracies. PV
module datasheet never reports the slopes of I-V characteristic
curves at SC and OC points; moreover representing these
slopes as (11) and (12) respectively is mere approximation usu-
ally derived through polynomial curve fitting [51]. Similarly
5(a) Current-Voltage (I-V ) curve
(b) Power-Voltage (P -V ) curve
Fig. 5: Simulated and experimental curves of PV module
PWP-201
the linear relation of PV voltage and current with temperature
is also an approximation due to the well-known nonlinear
dependence of thermally generated carriers on temperature
in semiconductors. The computation of area in [53] is done
by first converting the experimental data into continuous I-
V curve through ninth order polynomial fit. Fig. 3 shows the
discrepancy in this curve fitting leading to inaccurate calcu-
lation of the area. It further demonstrates that a better choice
would’ve been the Spline function of MATLAB that yields
a curve fit more accurately passing through the experimental
data points. Moreover the computation of (13) requires fine
granularity for accuracy. So [53] had to use one millions data
points to calculate the area, thus requiring larger processing
time and memory.
B. Proposed Equation
The comprehensive literature review presented above makes
it evident that so far there is no publication that offers the fifth
equation without any inaccurate assumption or computational
Fig. 6: Comparison of absolute errors for PV module
PWP-201
complexity. This manuscript presents an exact analytical equa-
tion without these drawbacks. The proposed equation employs
the fact that the power-current (P -I) curve of a PV module
also exhibits a bell shaped characteristics with unique maxima
like the power-voltage (P -V ) curve as shown in Fig. 4(c).
Hence the fifth equation is formulated as follows.
dP
dI
∣∣∣∣
V=VMPP
I=IMPP
= 0 (14)
After replicating the steps of fourth equation from (6) to (9),
the final form of the (14) is
dP
dI
∣∣∣∣
V=VMPP
I=IMPP
= 0 = VMPP − IMPP ×
1 + Is.RsNs.n.vt [exp(
VMPP+IMPPRs
Ns.n.vt
)− 1] + RsRsh
Is
Ns.n.vt
[exp(VMPP+IMPPRsNs.n.vt )− 1] + 1Rsh
(15)
Finally, the (2)(4), (10) and (15) constitute the complete set
of simultaneous independent equations for the solution of five
unknown parameters of single diode PV model i.e. Iph, Is, n,
Rs and Rsh as summarized in Fig. 4.
IV. RESULTS AND VALIDATION
The efficacy of the proposed approach is established in
comparison with the measured experimental data of the PV
modules of two different makes: 1) PWP-201 having 36 poly-
crystalline series connected silicon cells, experimented at 45◦C
and 1000 W/m2 2) RTC France silicon cell experimented at
33◦C and 1000 W/m2. The experimental data in the form of
the I-V characteristic curves of these two PV modules was
initially reported in [54] and later used by many researchers.
Table I shows the datasheet specifications of both the PV
sources. Substituting these boundary values in (2)(4), (10) and
(15), a definite set of five equations is established to solve for
the simulation model parameters. The initial guesses of the
parameters are determined through the method presented in
6(a) Current-Voltage (I-V ) curve
(b) Power-Voltage (P -V ) curve
Fig. 7: Simulated and experimental curves of silicon cell
RTC France
[24]. The equations are solved for the unknown parameters
{Iph, Is, n, Rs, Rsh} using the fslove function in MATLAB.
Finally plugging these parameters in (1) yields the simulation
model for the particular PV modules.
Fig. 5 and 7 shows the experimental and estimated I-V
and P -V characteristic curves for PWP-201 and RTC France
PV modules respectively. It is evident from these figures that
simulated curves from the proposed method successfully repli-
cate the experimentally measured characteristics. The accuracy
of the proposed method in terms of the closeness of the
simulated characteristic curve derived from (1) to the measured
I-V curve, is determined through the root mean square error
(RMSE)
RMSE =
√∑i=N
i=1 ((Iexp − Isim)2
N
(16)
where N is measurement point number, i is the iteration num-
ber, Iexp is the experimental value and Isim is the simulated
Fig. 8: Comparison of absolute errors for silicon cell RTC
France
value of PV current. The absolute of the difference between
Iexp and Isim is called absolute error.
The proposed approach is benchmarked against the most
recent publications to prove its supremacy not only with
respect to the single diode models [23], [40], [43], [53] but
the double diode models [16], [19] as well. The parameters
reported in [16], [19], [23], [40], [43], [53] are converted
into their simulated characteristics curves using the MATLAB
lsqnonlin function. The absolute error of the proposed tech-
nique in contrast with the benchmarked algorithms is plotted
in Fig. 6 and 8, which clearly demonstrate that the error of
the proposed technique mostly remains much lesser than the
other’s. Conclusively the performance comparison presented
in Table II, that enlists the parameters extracted by various
techniques and the associated RMSE, succinctly establishes
that the proposed approach with least error is superior of all
the techniques found in literature.
V. CONCLUSIONS
A definite set of five independent equations is imperative
for parameters extraction of a single diode model of the
PV module. While the first four equations can be easily
derived from the key data points available in the datasheet,
the formulation of fifth equation is the real challenge. The ap-
proaches found in literature till date for formulation of the fifth
equation broadly lie in two categories. Some rely on complex
algorithms with iterative meta-heuristic search for parameters
which need in prior the large number of measured I-V data
and also are slower in computation. The second category is of
the techniques striving for the analytical equations; however
all of these published till date use assumptions with inherent
inaccuracies which eventually lead to disparity in the simulated
model with respect to the experimental data. This manuscript
proposed an exact analytical approach using the MPP at the P -
I characteristic curve of the PV module. The proposed method
7TABLE II: Comparison of Proposed Approach with Existing Approaches for PV Module and Silicon Cell
PV Source Technique Iph (A) Is/Is1 (µA) Is2 (µA) Rs(Ω) Rsh(Ω) n/n1 n2 RMSE
PWP-201 Proposed 1.0324101 4.58 - 1.200576 1587.571 1.3807 - 3.68× 10−3
[23] 1.0322 1.4586 - 1.338 616.751 1.2652 - 3.73× 10−3
[53] 1.033285 1.82 - 1.357607 850.7068 1.2857 - 5.18× 10−3
[43] 1.033769 1.11 - 1.426154 687.5329 1.2393 - 6.24× 10−3
[40] 1.033774 1.10 - 1.432646 689.0408 1.2391 - 6.54× 10−3
RTC Cell Proposed 0.760810 32.65 - 0.036234 54.0092 1.4830 - 7.97× 10−4
[43] 0.76086 27.74 - 0.03696 49.8889 1.4664 - 8.24× 10−4
[53] 0.760883 29.6 - 0.036499 51.2596 1.4731 - 8.46× 10−4
[16] 0.7609 1.466 0.257 0.0367 53.245 2.3776 1.4604 13.3× 10−4
[19] 0.76077 0.241 0.60 0.03666 55.2016 1.45651 1.9899 20.5× 10−4
is free of any complexity or inaccurate assumption. Resultantly
the proposed method is proven to be the most accurate of all.
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